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Abstract
Carnivorous plants are defined as being able to benefit from the nutrients of prey in the
environment, and have at least one trait that either retrieves, ingests, or lures a prey to its traps.
The association of carnivorous plants with fire-prone habitats was initially described as a
paradox, considering that carnivorous plants are often associated with nutrient-poor soils and
fires can increase soil nutrient availability. This apparent paradox assumes, however, that the
nutrients that increase in availability following fire are those also provided by prey, which might
not be true. In habitats with nitrogen-poor soils, fire has been shown to decrease the amount of
available soil nitrogen (N), while increasing the amount of available soil phosphorus (P) from
ash. Thus, if prey are an important source of N but not P, then there is no paradox. On the other
hand, prey can also be an important source of P, in which case fire-mediated increases in soil P
could reduce the benefit of carnivory following fire. Regardless of whether prey provide N and
P, neither N nor P limitation may be reduced following fire if neither of these nutrients is
limiting before a fire due to severe light limitation and/or if increases in soil nutrients are
minimal.
In this study, I examined how nutrient limitation of growth and survival in a carnivorous plant,
Sarracenia alata, was affected by prey capture and simulated fire (clipping, litter removal, and
ash addition) in a wet pine savanna in southeastern Mississippi, USA. Specifically, I measured
the responses of relative growth rate, plant tissue N and P concentrations, prey capture potential,
and nectar production to soil additions of N, P, or ash, clipping, and prey exclusion. I tested
twoalternative hypotheses: Hypothesis 1: If prey are primarily a source of N (but not P), and ash
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produced by fire increases soil P (but not soil N), then the benefit of carnivory should increase
following fire to reduce N limitation of growth or survival; Hypothesis 2: If prey are an
important source of both N and P, but are not limiting before a fire due to severe light limitation,
and fire increases light levels relatively more than it increases soil nutrient levels, then N and P
limitation and the benefit of carnivory should increase following fire as a result of reduced light
limitation of growth.
Contrary to predictions of hypothesis 1, I found no evidence that prey exclusion increased
N limitation of growth, reduced N:P pitcher tissue ratios, or resulted in a compensatory increase
in relative prey capture potential or nectar sugar concentration on the lips of the pitchers.
Contrary to predictions of hypothesis 2, the exclusion of prey only reduced growth in unclipped
plots and did not affect N+P concentrations. Ash was not a significant source of N or P, as it did
not alter tissue concentrations of these nutrients either with or without simulated fire. The results
of this study suggest that resolving the paradoxical association of carnivorous plants with fireprone habitats may require examining factors other than the effects of fire on nutrient fluxes.
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I Introduction
Carnivorous plants are defined as being able to benefit from the nutrients of prey in the
environment, and have at least one trait that either retrieves, ingests, or lures a prey to its traps
(Givnish, 1989). Darwin (1875) was the first to hypothesize and demonstrate that prey provide a
source of nitrogen (as opposed to carbon) to carnivorous plants. He also hypothesized that
carnivory would be most favored in plants in nutrient-poor soils, which was later confirmed in
controlled experiments (e.g., Thorén et al. 2003). This is due to the fact that the benefits of
carnivory relative to its costs should lessen as soil nutrient availability increases, as predicted by
the so-called cost-benefit model of carnivory (Givnish et al. 1984, Thorén et al. 2003).
Specifically, this model predicts that the investment benefit of carnivory would be an increase in
the photosynthetic rate of the plant or an increase in the ability to produce more leaves. It also
predicts that the marginal gain from carnivorous traps should lessen as the plant invests more
into carnivory once other resources necessary for photosynthesis, name light and water, become
more limiting. The theory thus predicts that carnivory, in general, should be favored in habitats
that are sunny and wet and contain nutrient-poor soils (Givnish et al. 1984).
The association of carnivorous plants with fire-prone habitats was initially described as a
paradox (Givnish, 1989). Some environmental changes following fire could favor carnivory,
whereas others can make carnivory disadvantageous. Fires can favor carnivory by increasing the
availability of light and soil moisture following the removal of aboveground vegetation and thus
the reduction of shade, decreasing light limitation and increasing nutrient limitation (Givnish et
al. 2018). On the other hand, fires potentially increase nutrient availability through the addition
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of ash, which contains elevated concentrations of phosphorus, (P) potassium (K), magnesium
(Mg), and manganese (Mn), which in turn would not favor carnivory if one or more of these
nutrients (e.g., P, K) were supplied by prey (Dean et al., 2015). Likewise, although organic
nitrogen (N) is volatilized by fire, N availability can sometimes increase following fire as a result
of increased mineralization rates (Kaye and Hart, 1998; Dean et al., 2015). Hence, to understand
the association of carnivorous plants with fire, it is important to quantify changes in nutrient
limitation in carnivorous plants following fire.
The paradoxical association of carnivorous plants with fire assumes that the nutrients that
increase in availability following fire are those also provided by prey, which might not be true. In
habitats with nitrogen-poor soils, fire has been shown to decrease the amount of available soil N
as a result of volatilization of soil organic N, while increasing the amount of available soil P
from ash (Christensen, 1976; Gillon et al., 1995). Assuming prey are primarily a source of N,
rather than P, the loss of N from fire could be mitigated by obtaining N from prey. Hence, if prey
primarily provide a source of N to the plant and fire increases the availability of P in the soil,
then the benefit of carnivory could increase following fire as a means of reducing N limitation of
growth, survival, or reproduction (Givnish, 1989). If so, one might predict that fire would result
in increased prey attraction and capture effort.
Even if fire and prey provide the same nutrients to carnivorous plants (e.g., both N and P;
see Christensen, 1976; Kaye and Hart, 1998; Ellison, 2006; Dean et al., 2015), the paradoxical
association of carnivorous plants with fire assumes that growth of carnivorous plants is nutrientlimited in years without fire. The most dramatic effect of fire in some systems is an increase in
light levels to carnivorous plants resulting in increased nutrient limitation (Brewer 1999, 2003,
2006). If light limitation is alleviated by fire much more than is N or P limitation, then the
2

benefit of carnivory could increase following fire, regardless of whether there are modest
increases in soil nutrients (Brewer 2003, 2006).
Carnivorous pitcher plants in the genus Sarracenia are ideal for understanding how fire
affects N and P limitation of plant growth in pine savannas with nutrient-poor soils. Many
Sarracenia spp. (especially those in the southeastern USA) occur in fire-prone wet savannas and
bogs and have been shown to respond positively to fire (Folkerts, 1982; Barker and Williamson,
1988; Brewer, 1999) and negatively to fire exclusion (Brewer 2005). The total availability of
nutrients for carnivorous plants can be manipulated independently of the availability of soil
nutrients before and after fire by altering the availability of prey and then examining how growth
and/or flowering responds to these treatments. Preventing access to prey potentially can lead to
increased deficiencies of the nutrients found in prey, unless these deficiencies are alleviated by
increases in the availability of the same nutrients in the soil following fire. The addition of
nutrients that alleviate nutrient limitation (e.g., N addition, P addition, ash addition) should
increase relative growth rate and the tissue concentration of the added nutrients, except in cases
in which the levels added are sufficiently high to be toxic (e.g., Crumley et al., 2016).
Sarracenia is also ideal for examining plasticity in pitcher morphology and prey
attraction in response to changes in light and nutrient levels (Ellison and Gotelli, 2002; Brewer,
2003; Green et al. 2007; Horner et al., 2012; Brewer, 2019; Abbott and Brewer, 2020). As preyderived nutrient limitation increases, the cost-benefit model predicts that pitcher plants would
alter pitcher morphology to capture more prey (Givnish et al. 1984). Previous work has shown
that N deposition can alter pitcher morphology such that it is less conducive for prey capture
(phyllodia, closed pitchers; Gotelli and Ellison, 2002; Brewer, 2003). In addition, both fire and
artificial reduction of aboveground vegetation in the field resulted in increased pitcher volume at
3

the expense of pitcher support in S. alata in response to increased light (Brewer, 1999; 2003;
2019; Abbott and Brewer, 2016; 2020). Pitcher volume in S. alata was shown to be positively
correlated with the total weight of prey that has been captured (Brewer, 2003; Green et al.,
2007). The amount of nectar produced was previously shown to be positively correlated with the
capture rate of insects (Horner; et al., 2012). Assuming that increased nectar production increases
prey capture rate, then factors that increase nutrient limitation (i.e., prey exclusion, increased
light) would be expected to increase nectar production.
In the current study, I examined how nutrient limitation of growth and survival in a
carnivorous plant, Sarracenia alata, is affected by prey capture and simulated fire. The approach
I used involved measuring relative growth rate (RGR), plant tissue N and P concentrations, and
plasticity in prey capture potential (i.e. pitcher morphology), and nectar production/concentration
in response to addition of soil N, soil P, and ash from burned pine savanna vegetation, and to
prey exclusion, and increased light following clipping in a fully factorial experiment at an
unburned wet pine savanna. I tested two alternative hypotheses:
Hypothesis 1: If prey are primarily a source of N (but not P), and ash produced by fire
increases soil P (but not soil N), then the benefit of carnivory should increase following fire to
reduce N limitation of growth, survival, or reproduction.
Hypothesis 2: If prey are an important source of both N and P, but are not limiting before
a fire due to severe light limitation, and fire increases light levels much more than it increases
soil nutrient levels, then N and P limitation and the benefit of carnivory should increase
following fire as a result of reduced light limitation of growth.
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II Methods
Study Species
Sarracenia alata is a long-lived perennial carnivorous pitcher plant restricted to wet pine
savannas and bogs from southeast Texas to southern Alabama (Brewer, 2002). Wet pine
savannas are open plant communities with moist soils that have low soil nutrient availability,
which favors carnivorous plants that are found in this system, e.g., Sarracenia species (Peet et
al., 1993; King et al, 2002). Sarracenia alata has been shown to respond positively to fire
(Barker and Williamson, 1988; Brewer, 1999). Winter fires in wet pine savannas in southeastern
Louisiana and southeastern Mississippi increased pitcher production in S. alata (Barker and
Williamson, 1988; Brewer, 1999, respectively). Such fire-mediated increases in pitcher
production could indicate increased allocation to pitchers when light is not limiting to growth,
such as after a fire (Gibson, 1983; Brewer, 1999; 2003). S. alata was also shown to increase
relative growth rate in terms of biomass when the neighboring vegetation was removed,
especially when plants had access to prey (Brewer, 2003). S. alata has also been shown to alter
pitcher morphology in response to simulated fire and/or the reduction of aboveground vegetation
(Brewer, 2003; 2019; Abbott and Brewer, 2020). Small, shaded S. alata plants were previously
shown to increase the ratio of pitcher volume to petiole length or mass in response to the removal
of taller neighboring vegetation (Brewer, 2003; 2019). In addition, simulated fire (clipping of S.
alata and its neighbors plus the removal of litter plus the addition of high-P fertilizer) was
previously shown to subsequently increase the pitcher volume to petiole mass ratio when prey
were excluded (Abbott and Brewer, 2020). These results suggest that fire could increase the
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demand for prey in this species, possibly as a result of reduced light limitation and increased N
limitation. The vegetation that inhabits this site is generally long-living and slow-growing
(Brewer, 2006), and the groundcover vegetation of these savannas is mostly undisturbed, except
by fire. (Brewer, 2006). Common plant species within the study location were the carnivorous
plants S. alata and Drosera capillaris., grass species, Mulhenburgia expansa and Ctenium
aromaticum, and sedges Rhynchospora spp., shrubs, Ilex glabra and Gaylussacia dumosa, and
the tree, Pinus elliottii.
Study Site
The current study was conducted in a wet pine savanna in Desoto National Forest, near the town
of Perkinston, Mississippi, USA, in Stone County (30.723866704105387, -88.96637742755446).
Soils were poorly drained, acidic (mean pH = 4.3 pH) fine sands, with low availability of nitrate
in the rooting zone of Sarracenia alata (25.5 ppm +/- 0.4 s.e.) (Brewer et al., 2011). The
groundcover vegetation at this site was mostly undisturbed, except by fire and contained a
species-rich mixture of forbs and monocots and sparse trees (Brewer, 2006). Although Desoto
National Forest regularly burns sites across a large area in different years, the site examined in
this study was burned last in 2012 and thus was indicative of wet pine savannas that had not been
recently burned.
Experimental Setup
I located and permanently marked with aluminum tags 160 S. alata plant clusters (ramets) in-situ
in April of 2020. Treatments were arranged as a 25 factorial (32 treatment combinations), each
with a sample size of 5, and then randomly assigned to the plant clusters. The five treatment
factors were ash addition, N addition, P addition, clipping & clearing of plots, and prey
exclusion. Due to regulations prohibiting me from burning portions of the site, the ash was
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derived from fresh, clipped pine savanna vegetation (including Sarracenia alata) from the site
and burned offsite in a metal pit. To establish the N-addition, P-addition, and ash-addition
treatments, respectively, I added 1.25 ml of 99% ammonium nitrate (NH4NO3) fertilizer, 1.25 ml
of 18% superphosphate (CaH6O8P2+2) fertilizer, or 1.875 ml of pine savanna vegetation ash to ~
25-cm2 area ~ 2 cm below the soil surface around the base of each target plant. These volumes
corresponded to 1 g, 1.34 g, and 1.18 g of ammonium nitrate fertilizer, superphosphate fertilizer,
and ash, respectively. I added ~ 20 ml of water to the base of all clusters (including controls)
following nutrient/ash addition. Nutrient addition treatments were implemented only once during
the study to simulate potential nutrient fluxes associated with a single fire. I implemented the
prey exclusion treatment by inserting cotton batting into young, healthy pitchers for each S. alata
plant within the cluster at the start of the experiment in May 2020. I re-administered the prey
exclusion treatment to new pitchers on July 25 and 26, 2020, after the original pitchers had
senesced and did so again in October, 2020. Prey removed from pitchers of S. alata at this site
(necromass) was positively correlated with pitcher volume (r = 0.429, p < 0.001, df = 100) and
contained significant amounts of N (70,600 ± 16,500 ppm total N), and lesser amounts of
potassium, K, (5,236 ± 463 ppm), P (3,723 ± 725 ppm), and magnesium, Mg, (1,456 ± 113.5
ppm (J.C. Holloway and J.S. Brewer, unpublished data). To simulate the shade and litter
reduction effects of low intensity surface fires, I trimmed the groundcover vegetation using a
gasoline-powered weed clipper and removed all debris and surface litter from within a 1-m2
square of the target pitcher cluster in May of 2020. As with the nutrient/ash addition treatments,
the clipping treatment was administered only once during the experiment. This method of
simulating the reduction of aboveground vegetation and debris removal was identical to the
method in a previous study of S. alata (Abbott and Brewer, 2020), but with one potentially
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important exception. In the Abbott and Brewer (2020) study, they clipped all neighboring
vegetation and the target plant and then removed the clippings and surface litter to simulate the
effects of fire on this species. In contrast, because I was interested in examining the effects of
increased light to the pitcher plant and to the soil surface per se, I clipped all neighbor vegetation
but not the target pitcher plant, itself, and then removed the clippings and surface litter. In this
way, I avoided confounding the effect of fire-related light effects with fire-related damage
effects.

Measurements
Nutrient limitation: Relative growth rate and tissue nutrient stoichiometry
I quantified relative growth rate (RGR) from May 2020 to May 2021 by examining log change in
dry ramet mass. Dry ramet mass was measured directly in May 2021 from harvested plants and
estimated indirectly in May 2020 from non-destructive measurements of pitcher morphology as
validated in previous studies (Brewer, 1999; 2003; Abbott and Brewer, 2020). These studies
showed that pitcher opening diameter (maximum diameter at the lip) of the tallest pitcher of the
clump (Brewer, 1999; 2003), as well as the log sum of pitcher opening diameter and height to the
lip of the tallest pitcher (Abbott and Brewer, 2020), provided reasonably accurate estimates of
total dry mass of a pitcher plant clump. I took initial (May 2020) and follow-up (July 2020,
October 2020, and May 2021) measurements of pitcher opening diameter and height. The
opening diameter was recorded at the medial point of the lip. If pitchers were severely damaged,
they were ignored, but if pitchers were not damaged but not open, I measured the medial
diameter and used this measurement in the estimation of pitcher size. In May 2021, I harvested
all plant clusters and transported them to the Brewer laboratory at the University of Mississippi. I
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then dried the plants in a convection oven at 40 C for 72 hours and then carefully removed soil
from the roots and rhizomes and prey necromass from within the pitchers before weighing the
plants to obtain final dry mass. Linear regression showed that log final dry mass was most
strongly positively correlated with log-sum of the medial diameter of the tallest pitcher at the lip
and height in May 2021 using the regression equation:
1)

ln(dry mass) = 0.55×[ln(diameter) + ln(height)] -2.47; r=0.743; p <<0.0001.

Thus, log-sum of the medial diameter of the tallest pitcher at the lip and height in May 2020 was
used to estimate log initial dry mass by solving equation 1. RGR (per year) thus was equal to log
final dry mass (May 2021) minus estimated log initial dry mass (May 2020).
I quantified effects on nutrient limitation (as estimated from nutrient tissue stoichiometry)
by measuring N:P log-ratios and log-odds N + P concentrations of dried pitcher tissue samples.
To obtain enough tissue mass for both the N test and the P test, I pooled the five replicate
samples into two samples of relatively equal amounts of tissue for each of the 32 treatment
combinations. I did not mix the samples prior to pooling. The samples were sent to the
University of Georgia Agricultural and Environmental Analysis Laboratory (AEAL) to be tested
for total % tissue N and total % tissue P using their standard protocol for plant tissue samples
(Basic Plant test). The test for P also included analyses of other macronutrients (e.g., K, Ca, Mg,
S) and numerous micronutrients (e.g., Mn, Iron (Fe), and Aluminum (Al).
Plasticity in prey capture effort and prey attraction
I quantified prey demand by measuring relative prey capture potential (RPCP; Abbott and
Brewer, 2020). I estimated RPCP non-destructively by taking the log ratio of maximum pitcher
diameter to pitcher height of the tallest pitcher in May 2020, July 2020, October 2020, and May
2021. In contrast to the measurement of lip diameter used in calculating RGR, when a pitcher
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was not open it was assigned a value of zero, rather than the measured medial diameter. After the
harvest of the plants in May 2021, I estimated RPCP, by measuring the log ratio of pitcher
volume to dry petiole mass to compare with the non-destructive measurements. To estimate
pitcher volume, prior to drying pitchers, I used the measurement of the maximum pitcher
diameter and the length of the pitcher minus the length of the petiole to calculate volume using
the formula of a right cone (1/3  r2 ×height, as in Brewer, 2003). RPCP estimated this way
was highly positively correlated with the estimate of RPCP derived from the log ratio of
maximum pitcher diameter to pitcher height of the tallest pitcher in May 2021 (r = 0.708, p <
0.001, df = 139). Hence, RPCP estimated non-destructively in May 2020 was used as a covariate
in the analysis of RPCP based on volume and petiole length in May 2021, enabling a test of the
change in RPCP pre- vs. post-treatment.
I quantified prey attraction effort by measuring the sugar content of pitcher nectar. After
oven-drying the pitchers, I cut a piece of the pitcher lip from each pitcher, weighed it and then
added it to 5 ml of distilled water to dissolve sugars adhering to the lip. I left each sample in
distilled water for approximately 30 seconds. I then used a refractometer to measure the
concentration of the resulting solution.

Statistical Analysis, Hypothesis Support, and Predictions
Statistical Analyses and Hypothesis Support. I modeled all the continuous responses to the
treatments (RGR, tissue nutrient concentrations, RPCP, and sugar concentrations) using linear
models (the lm function in R). Because the four- and five-way interactions were not of interest
and possibly not interpretable, the linear models were constructed to examine only the five main
effects, all the two-way interactions, and all the three-way interactions.
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Tests associated with Hypothesis 1 included the main effects of prey exclusion and N
addition and their interaction to determine if RGR, tissue N concentration, change in RPCP, and
nectar concentration were limited by prey. I also wanted to uncover if prey limitation could be
alleviated by N addition to the soil. Other tests associated with Hypothesis 1 were the main
effects of ash addition, clipping, and P addition and their interactions to determine if growth and
tissue P concentration increased in response to ash addition, when light was not limiting, or to P
addition to the soil when ash was not added to the soil. The categorical response variable,
presence or absence of pitchers during mid growing season in 2020 (July), was fit to a
generalized linear model (glm function in R), assuming a binomial response distribution. In
addition, to increase statistical power for that analysis, multi-model inference (package MuMIn,
function dredge) was used to find the best models based on the lowest Akaike Information
Criterion corrected for small sample sizes (AICc). The best model was subsequently analyzed for
the statistical significance of the terms in the reduced model.
Support for Hypothesis 1 was indicated if the following predictions were correct:
Predictions 1a-b – Growth and Pitcher Production.
Prediction 1a: Prey exclusion decreases growth (RGR) and pitcher production, especially
when N is NOT added (Fig. 1).
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Clipped
N not added

N added

1

0.8

RGR

0.6

0.4

0.2

0

Prey not excluded

Prey excluded

Figure 1. Hypothetical depiction of the predicted effects of prey exclusion and N addition on
RGR, as predicted by Hypothesis 1.
Prediction 1b: Ash addition increases growth and pitcher production, especially when
clipped and when P is NOT added (Fig. 2).
Clipped
P not added

Unclipped
P added

P not added
1

0.8

0.8

0.6

0.6

P added

RGR

RGR

1

0.4

0.4

0.2

0.2

0

0

Ash not added

Ash added

Ash not added

Ash added

Figure 2. Hypothetical depiction of the effects of clipping, ash addition, and P addition on RGR,
as predicted by Hypothesis 1.
Predictions 1c-d – Tissue Nutrient Responses
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Prediction 1c: Clipping combined with prey exclusion decreases tissue N:P ratios and
thus increases N limitation when N is not added (Fig. 3)
Prediction 1d: Clipping combined with ash addition decreases tissue N:P ratios when P is
not added and thus decreases P limitation (Fig. 3).

Equally
Limited by
N and P

Figure 3. Conceptual diagram showing the effects of prey exclusion, ash addition, N addition,
and P addition on percent pitcher tissue N and P and thus on N vs. P limitation as predicted by
Hypothesis 1. The direction of each effect vector shows which nutrient becomes more limiting as
a result of that nutrient-related treatment.
Prediction 1e – Prey Capture and Prey Attraction: Prey exclusion increases N limitation
(but not P limitation), subsequent prey demand, and the relative prey capture potential (RPCP)
and pitcher nectar sugar concentration (Fig. 4).
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N not added

N added

RPCP or Nectar Produc on

1

0.8

0.6

0.4

0.2

0

Prey not excluded

Prey excluded

Figure 4. Hypothetical depiction of the effects of prey exclusion and N addition on RPCP and
pitcher nectar production, as predicted by Hypothesis 1.

Support for Hypothesis 2 was indicated if the following predictions were correct:
Predictions 2a-b – Growth and Pitcher Production.
Prediction 2a: Prey exclusion decreases growth (RGR) and pitcher production, especially
when clipped and when NEITHER N nor P is added (Fig. 5).
Clipped
Neither N nor P added

Unclipped
N or P added

Neither N nor P added
1

0.8

0.8

0.6

0.6

N or P added

RGR

RGR

1

0.4

0.4

0.2

0.2

0

0

Prey not excluded

Prey excluded

Prey not excluded
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Prey excluded

Figure 5. Hypothetical depiction of the effects of clipping, prey exclusion, and N or P addition
on RGR, as predicted by Hypothesis 2.
Prediction 2b: Clipping increases growth and pitcher production, but ash addition has no
effect (Fig. 6).
Unclipped

Clipped

1

0.8

RGR

0.6

0.4

0.2

0

Ash not added

Ash added

Figure 6. Hypothetical depiction of the effects of clipping and ash addition on RGR, as predicted
by Hypothesis 2.
Prediction 2c, d – Tissue Nutrient Responses
Prediction 2c: Clipping combined with prey exclusion decreases tissue concentrations of
N and P and thus increases N and P limitation when neither N nor P is added (Fig. 7)
Prediction 2d: Ash addition has no effect on tissue N and P ratios and thus has no effect
on N or P limitation (Fig. 7).
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Equally
Limited by
N and P

Figure 7. Conceptual diagram showing the effects of clipping, prey exclusion, ash addition, N
addition, and P addition on percent pitcher tissue N and P and thus on N and P limitation as
predicted by Hypothesis 2. The greater lengths of vectors in the clipped plots than in the
unclipped plots indicate that nutrient limitation is greater following clipping, when light is not
limiting. The direction of each effect vector shows whether N and P both become more or less
limiting as a result of that nutrient-related treatment. Note also that clipping plus prey exclusion
results in increased N and P limitation even when also combined with ash addition, indicating
that any positive effect of ash addition on % tissue N and P is very small relative to the negative
effect of clipping plus prey exclusion on tissue N and P concentrations.
Prediction 2e – Prey Capture and Prey Attraction: Prey exclusion, especially when
combined with clipping, increases N limitation and/or P limitation, subsequent prey demand, and
the relative prey capture potential (RPCP) and pitcher nectar sugar concentration (Fig. 8).
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Figure 8. Hypothetical depiction of the effects of clipping, prey exclusion, and N and P addition
on RPCP and pitcher nectar production, as predicted by Hypothesis 2.
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III Results
Relative Growth Rate
With respect to RGR, Hypothesis 1 was not supported. RGR was generally negative, and there
was no evidence that prey exclusion increased N limitation of growth. Although RGR was
reduced by prey exclusion (F1,120 = 6.24, p = 0.014; Fig. 9), the negative effect of prey exclusion
on growth was not alleviated by N addition, and the N addition ×Prey exclusion interaction was
not significant (F1,120 = 0.33, p = 0.565). Furthermore, the three-way interaction between N
addition, Prey exclusion, and Clipping was not significant (F1,120 =1.39, p = 0.239). There was
no evidence that ash addition reduced P limitation of growth. Ash addition did not increase RGR
l (F1,120 = 0.982, p = 0.324), and there was no interaction between ash addition and P addition
(F1,120 = 1.14, p = 0.288). Contrary to the prediction of Hypothesis 1, there was a significant
interaction between ash addition and N addition (F1,120 = 5.36, p = 0.022). N addition increased
RGR when ash was not added, but decreased RGR (relative to the N-addition control) when ash
was added, suggesting that growth was N limited, but N addition could have a toxic effect when
ash is also added (Fig. 10).
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Figure 9. The effect of prey exclusion on RGR from May 2020 to May 2021. Values are
expected marginal means (g per g per year) ± 1 standard error derived from the mean squared
error.
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Figure 10. The response of RGR from May 2020 to May 2021 to the interaction between ash
addition and N addition. Values are expected marginal means (g per g per year) ± 1 standard
error derived from the mean squared error.

The responses of RGR to the treatments did not support Hypothesis 2. Clipping did not
increase RGR (F1,120 = 0.102, p = 0.750). The two-way interaction between prey exclusion and
clipping was significant (F1,120 = 5.04, p = 0.027). However, contrary to the prediction of
Hypothesis 2 that prey-derived nutrient limitation of growth was greater in unclipped plots than
in clipped plots. Prey exclusion had a greater negative effect on RGR when plants were not
clipped (Fig. 11). The three-way interaction between P addition, prey exclusion, and clipping
was also significant (F1,120 = 4.48, p = 0.036). Contrary to the prediction of Hypothesis 2,
however, P addition alleviated the negative effect of prey exclusion when plants were not clipped
rather than when they were clipped (Fig. 12).
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Figure 11. The response of RGR from May 2020 to May 2021 to the interaction between
clipping and prey exclusion. Values are expected marginal means (g per g per year) ± 1 standard
error derived from the mean squared error.
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Figure 12. The response of RGR from May 2020 to May 2021 to the interaction between
clipping, prey exclusion, and P addition. Values are expected marginal means (g per g per year)
± 1 standard error derived from the mean squared error.
Consistent with the predictions of Hypothesis 2, results from the generalized linear model
showed that Clipping increased the likelihood of pitcher production in July 2020 (Fig. 13). Ash
addition (Fig. 14) and N addition also increased the likelihood of pitcher production in July
2020, although their effects were not greater in clipped plots than in unclipped plots. Multimodel inference revealed that the model with the lowest AICc (2.197) contained the main effects
of Clipping (Z = 3.920, p < 0.001), Ash addition (Z = 2.873, p = 0.004), N addition (Z = 2.477, p
= 0.013), the N addition(yes) x Ash addition(yes) interaction (Z = -1.957, p = 0.050), and the N
addition(yes) x Clipping (yes) interaction (Z = -1.689, p = 0.091).
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Figure 13. The predicted probability of pitcher presence in July 2020 as a function of clipping in
May 2020. Values are mean predicted probabilities back-transformed from the predicted log
odds means (g per g per year) ± 1 standard error derived from the mean squared error.

Figure 14. The predicted probability of pitcher presence in July 2020 as a function of ash
addition in May 2020. Values are mean predicted probabilities back-transformed from the
predicted log-odds means (g per g per year) ± 1 standard error derived from the mean squared
error.
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Tissue Nutrient Ratios
Inconsistent with hypothesis 1, prey exclusion did not reduce the N:P ratio (F1,38 =0.611, p =
0.439), nor did ash addition decrease the N:P ratio (F1,38 =0.018, p = 0.892). Results from the
linear model showed that the N:P logratio responded to a three-way interaction between N
addition, P addition, and Clipping (F1,38 =4.49, p = 0.041; Fig. 15), but not to any interaction
involving prey exclusion. The three-way interaction between N addition, P addition, and clipping
indicated that clipping possibly decreased N limitation relative to P limitation when neither P nor
N was added to the soil. For plants in which neither N nor P was added , clipping increased N:P
ratios (Fig. 15, left panel). For plants in which N was added to the soil, clipping did not increase
N:P ratios (Fig. 15, right panel)

Figure 15. Log-ratio of N to P concentrations of pitcher tissue as a function of the threeway interaction between clipping, N addition, and P exclusion. The left panel shows the clipping
x P addition interaction for plants to which N was not added, whereas the right panel shows the
clipping x P addition interaction for plants to which N was added. Values are expected marginal
means (g per g per year) ± 1 standard error derived from the mean squared error.
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Results from the analysis of the log-odds of the sum of N and P concentrations supported
some predictions of hypothesis 2, but not others. Excluding prey did not significantly reduce logodds of the N+P concentrations (F1,38 =2.072, p = 0.158), nor did prey exclusion interact with N
addition (F1,38 =0.001, p = 0.979) or P addition to influence N+P concentrations (F1,38 =2.085, p =
0.157). The lack of an effect of ash addition on N+P concentrations (F1,38 =0.138, p = 0.713) or
N:P log-ratios (F1,38 =0.019, p = 0.892) supported the prediction of hypothesis 2 that ash addition
had little or no effect on N or P limitation

Consistent with a prediction of reduced nutrient limitation with the addition of nutrients
to the soil, P addition significantly increased N+P concentrations (F1,38 =6.89, p=0.012), and N
addition resulted in an increase that approached statistical significance (F1,38 =3.328, p=0.076).
The effect of adding each of these nutrients to the soil, however, depended on whether the other
was added, as indicated by a significant interaction between N addition and P addition (F1,38
=8.390, p= 0.006). The interaction was antagonistic. Adding either nutrient to the soil alone
increased N+P concentrations, whereas adding both did not (Fig. 16). The effect of P addition on
N + P concentrations also depended on clipping, as indicated by a significant two-way
interaction between P addition and clipping (F1,38 =7.39, p= 0.010). In this case, clipping
increased N+P concentrations when P was not added (Fig 17a), which resulted from an increase
in N concentration when plots were clipped and plants received no added P (F1,38 (P addition x Clipping)
=8.778, p= 0.005; Fig.17b).
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,
Figure 16. N + P concentration of pitcher tissue (log-odds transformed) as a function of the
interaction between P addition and N addition. Values are expected marginal means (g per g per
year) ± 1 standard error derived from the mean squared error.
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Figure 17. a) N + P concentration (log-odds transformed) and b) N concentration (log-odds
transformed) of pitcher tissue as a function of the interaction between P addition and clipping.
Values are expected marginal means (g per g per year) ± 1 standard error derived from the mean
squared error.

Relative Prey Capture Potential And Nectar Concentration
Contrary to the predictions of Hypotheses 1 and 2, prey exclusion decreased rather than
increased relative prey capture potential (RPCP) (F1,116 =6.58, p = 0.012; Fig. 18). The RPCP
responses more or less mirrored those of RGR to the treatments. Although not statistically
significant at the 0.05 level, two interactions involving prey exclusion approached statistical
significance. These were the interaction between prey exclusion and clipping (F1,116 =3.686, p =
0.057) and the three-way interaction between prey exclusion, clipping, and P addition (F1,116
=3.778, p = 0.054). In unclipped plots, plants that did receive added P had lower RPCP when
were excluded than when prey were not excluded (Fig. 19, left panel). In contrast, in clipped
plots, plants that were denied prey had higher RPCP when P was added than when P was not
added (Fig. 20, right panel).
Contrary to the predictions and Hypotheses 1 and 2, prey exclusion did not have a
significant effect on nectar concentration of the sampled pitcher lips (t88=-1.523, p = 0.131). The
test with the lowest p value (0.121) was for the prey exclusion x clipping interaction [prey
exclusion (yes) x clipping (yes) t88=-1.567, p = 0.131].
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Figure 18. The response of relative prey capture potential (RPCP) to prey exclusion. RPCP was
calculated as log-ratio of estimated pitcher volume to petiole length in May 2021, corrected for
the covariate, the log-ratio of volume to petiole length in May 2020. Values are expected
marginal means (g per g per year) ± 1 standard error derived from the mean squared error.
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Figure 19. The response of RPCP to prey exclusion. RPCP was calculated as log-ratio of
estimated pitcher volume to petiole length in May 2021, corrected for the covariate, the log-ratio
of pitcher opening diameter to height in May 2020. Values are expected marginal means (g per g
per year) ± 1 standard error derived from the mean squared error.
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IV Discussion
The association of several carnivorous plants with fire-prone habitats was initially described as a
paradox (Givnish, 1989). If the benefit of carnivory decreases with increasing soil nutrient
availability, as predicted from the Givnish et al. (1984) cost-benefit model, then it should also
decrease with increasing frequency of fires that increase soil nutrient availability (Givnish,
1989). In this study, I attempted to resolve this paradox by testing two hypotheses: Hypothesis 1)
Nutrients that increase following fire include P but not N and thus reduce P but not N limitation,
whereas prey primarily provide a source of N and thus reduce N limitation (Givnish et al., 2018);
Hypothesis 2) Nutrient limitation (N and P) is greater after a fire than before as a result of a
substantial increase in light availability in a chronically nutrient-poor soil (Givnish et al., 2018).
In general, neither hypothesis was supported by the results of the field experiment.

Do Prey And Fire Provide Different Nutrients To Pitcher Plants?
It is not clear that prey provided a significant source of N to plants in this study. Contrary to the
predictions of Hypothesis 1, I found no evidence that prey exclusion increased N limitation of
growth, reduced N:P pitcher tissue ratios, or resulted in a compensatory increase in the volume to
petiole length ratio of pitchers (RPCP) or nectar sugar concentration on the lips of the pitchers.
These results contrast with previous laboratory feeding experiments that showed reductions in N
limitation in other carnivorous plants when provided supplemental prey (Christensen, 1976;
Juniper et al., 1989; Thoren et al., 2003; references in Ellison and Adamec, 2018). One possible
explanation for the different results may relate to the fact that my study took place under natural
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field conditions and compared natural levels of carnivory with no carnivory. It is possible that
with supplemental feeding of pitcher plants, I might have observed reduced N limitation. Perhaps
more surprisingly, the results of my study also differed from those of Abbott and Brewer (2020),
which examined the effect of prey exclusion on nutrient limitation in the same species at the
same study site. In contrast to my study, that study did not find a negative effect of prey
exclusion on RGR, but it did find that RPCP increased in response to prey exclusion when
combined clipping and P addition. In my study, both RGR and RPCP were reduced by prey
exclusion. The magnitude of the reduction in RGR caused by prey exclusion was not alleviated
by N addition. One potentially significant methodological difference between the Abbott and
Brewer (2020) study and my study has to do with how the clipping treatment was administered.
In the current study, I attempted to examine the independent effects of various components of
fire-related changes, specifically, light increases and nutrient increases associated with ash. I
examined the effects of increased light by clipping all neighbor vegetation but not the target
pitcher plant, itself, so as to avoid confounding the effect of fire-related light effects with firerelated damage effects. In contrast, the Abbott and Brewer study simply examined the interaction
between prey exclusion and simulated fire, which involved clipping the surrounding vegetation
AND the target pitcher plant and then adding P-rich fertilizer. Taken together, these two studies
suggest that prey exclusion combined with increased light may increase N limitation, but only
after pitchers are damaged and the captured prey are removed.
Consistent with a prediction of reduced nutrient limitation with the addition of nutrients
to the soil, N addition reduced N limitation (as indicated by an increase in N:P concentration
ratios in pitcher tissue) and P addition reduced P limitation (as indicated by a decrease in N:P
concentration ratios in pitcher tissue). These results are consistent with Ellison (2006) for
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Sarracenia purpurea. However, in my study the effect of adding either of the two nutrients to the
soil depended on clipping treatment. Clipping appeared to reduce N limitation relative to P
limitation when neither nutrient was added to the soil (as indicated by an increase in tissue N:P
ratios). Clipping had no such effect when N was added to the soil. This result suggests that
increased light penetrating to the soil following fire could warm the soil and increase N
mineralization (Kaye and Hart, 1998; Dean et al., 2015)
In contrast to a prediction of Hypothesis 1, I found no evidence that pitcher plants
compensated for a reduced supply of prey by increasing nectar concentration to attract more
prey. Nectar concentration did not decrease in response to prey exclusion either. Horner et al.
(2012) found a positive relationship between the amount of nectar produced and the capture rate
of insects by S. alata. Hence, the induction of increased nectar production in response to
reduced prey availability would be an adaptive response, if S. alata were capable of such
plasticity. Nectar production appears to vary more with pitcher age in this species than in
response to prey availability (Horner et al., 2012).
Ash did not appear to provide a significant source of P to plants in this study, nor did it
reduce P limitation. Contrary to predictions of Hypothesis 1, I found no evidence that ash
addition increased RGR or decreased pitcher tissue N:P ratios. Although P addition predictably
decreased pitcher tissue N:P ratios and thus potentially reduced P limitation, its effect did not
differ with ash addition. Previous studies have shown P to increase following fire (Christensen,
1977; Gillon, 1995), attributable in part to ash being rich in P (Christensen, 1977; Gillon, 1995;
Abbott and Brewer, 2020). It is possible that the P concentration in the ash added in this study
was not sufficient to result in increased tissue concentrations of P. Although there was no
interaction between ash addition and P addition, ash addition did interact with N addition to
32

influence RGR. The interaction was antagonistic; that is, N addition increased RGR when ash
was not added but decreased RGR when ash was added. This is a somewhat surprising result,
considering that N is not a significant component of ash. It is possible that growth was N limited,
but some chemical change in the soil caused by the addition of ash (e.g., increased pH
(Andreasen, 2017) increased the availability of N in the soil to a level at which it became toxic.
Previous studies of Sarracenia spp. have shown that N addition at sufficiently high levels can
either reduce growth (Gotelli and Ellison, 2002; Crumley, 2016) or alter pitcher morphology in a
way that reduces prey capture potential (Ellison and Gotelli, 2002; Brewer, 2003).
Although I found no evidence that clipping and/or ash addition increased RGR, both
increased pitcher production during the first growing season (Figs. 13 and 14). To the extent that
the additive, positive effects of clipping and ash addition simulate the effect of a fire, these
results suggest that the lack of fire in a given year may result in reduced pitcher production. This
finding is consistent with those of Barker and Williamson (1988) and Brewer (1999), who found
that Sarracenia alata produced more pitchers after fire. The reduced pitcher production in
unclipped plots in the first growing season might have been a short-term reduction in
aboveground biomass allocation (Brewer, 1999), which might partly explain why clipping had
no positive effect on pitcher production or total biomass the following year after the
implementation of the treatment.

Does Prey Reduce N And P Limitation? Does Fire Reduce Light Limitation?
It is also not clear if prey reduced both N and P limitation, and fire did not appear to reduce light
limitation in this study. Contrary to hypothesis 2, the exclusion of prey did not significantly
reduce N+P concentrations or reduce N:P ratios as would predicted if prey were a source of N
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and P or just P, respectively. This result contrasts with those of Ellison (2006), who found that
adding prey to pitchers of Sarracenia purpurea reduced P limitation (i.e., decreased N:P tissue
ratios). It is possible that natural levels of prey captured during the year of my experiment were
simply insufficient to reduce P limitation. Had the experiment been conducted during a year with
higher prey availability, I might have observed increased N or P limitation in response to prey
exclusion.
Consistent with the prediction of Hypothesis 2, ash addition did not increase RGR from
May 2020 to May 2021. Although ash addition appeared to have a short-lived positive effect on
pitcher production in the first growing season, it did not persist until the beginning of the next
growing season. Tissue concentrations of the pitchers were not measured in July 2020, so it is
impossible to say whether the positive effect of ash addition on pitcher presence in July 2020
resulted from reduced nutrient limitation.
Contrary to a prediction of hypothesis 2, I found no evidence that clipping increased
limitation of either N and P in S. alata in this study. Although clipping resulted in a greater
likelihood of pitcher presence in July 2020 compared to no clipping, this effect did not persist
until May 2021 and was not reduced by prey exclusion or increased by N or P addition. In fact,
clipping did interact with prey exclusion and P addition to influence RGR from May 2020 to
May 2021, but the response was the opposite of what Hypothesis 2 predicted. Excluding prey in
this study had a greater negative effect on RGR when plants were not clipped (Fig. 11). This
result contrasts with that of a previous study of S. alata in this system (Brewer, 2003), which
found prey exclusion had a greater negative effect when neighbors were removed. An important
difference between the two studies is that Brewer (2003) examined the responses of short
juvenile target plants to neighbor removal and prey exclusion, whereas the target plants in the
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current study were mostly taller adults. It is possible that clipping neighbors primarily reduces
light limitation of growth of short juveniles but not of taller adults. These results are consistent
with those of Brewer (2019), who found that short juveniles benefited from the clipping of
neighboring tall adult conspecifics in the first growing season, but not from excluding prey from
neighboring conspecifics. Hence, the growth of juveniles was primarily light limited. In contrast,
tall adults also benefited from the clipping of tall conspecific neighbors in the first growing
season, but the effect was no greater than the effect of starving the conspecific neighbors
(Brewer 2019). Hence, the growth of tall adults was primarily prey limited and not light limited.
In the current study, P addition to some extent alleviated the negative effect of prey exclusion on
RGR in unclipped plots. These results suggest that rather than increasing nutrient limitation,
clipping might have reduced competition for P with neighboring plants, a finding consistent with
the resource-ratio hypothesis of plant competition (Tilman, 1988). However, competition for
nutrients in this species may only be important when neighbors are of similar size.
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V Conclusions
The results of this study suggest that resolving the paradoxical association of carnivorous plants
with fire-prone habitat may require examining the effects of supplemental feeding on nutrient
limitation as well as factors other than the effects of fire on nutrient fluxes. Future studies with S.
alata should include a supplemental feeding treatment and/or examine the effects of prey
exclusion over multiple years. Furthermore, the relative importance of nutrient vs. light
limitation before and after fire may depend strongly on plant size, as found in Brewer (2019).
The association of S. alata with fire-prone wet pine savannas may relate to chronically
low soil fertility, with or without fire, and fire-mediated reduction of the establishment of trees
and shrubs (Hinman et al. 2008). Woody plant encroachment associated with prolonged fire
exclusion in savannas fundamentally changes the light environment to one of greater overhead
shade (as opposed to side shade). This factor is hypothesized to reduce the benefit of carnivory
(Givnish et al. 1984), but it was not examined in the current study. Furthermore, woody
encroachment with fire exclusion disproportionately affects long-lived, obligate wetland species
such as S. alata (Brewer and Zee, 2021). This suggests that reduced soil moisture associated with
woody encroachment (Gonzalez-Benecke et al. 2011) could be a major cause of carnivorous
plant declines in response to fire exclusion. The effect of soil moisture was not examined in this
study. If these alternative explanations for the benefits of fire to carnivorous plants are correct
and override the effects of modest, short-term post-fire nutrient fluxes, then the association of
carnivorous plants such as S. alata with fire-prone habitats is not a paradox.
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